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Using a first-principles Green’s function approach we study magnetic properties of the magnetic
binary chalcogenides Bi2Te3, Bi2Se3, and Sb2Te3. The magnetic coupling between transition-metal
impurities is long-range, extends beyond a quintuple layer, and decreases with increasing number of d
electrons per 3d atom. We find two main mechanisms for the magnetic interaction in these materials:
the indirect exchange interaction mediated by free carriers and the indirect interaction between
magnetic moments via chalcogen atoms. The calculated Curie temperatures of these systems are in
good agreement with available experimental data. Our results provide deep insight into magnetic
interactions in magnetic binary chalcogenides and open a way to design new materials for promising
applications.
PACS numbers: 71.70.Ej, 72.15.Jf, 85.80.Fi
Tetradymite chalcogenides, in particular Bi2Te3,
Bi2Se3, and Sb2Te3, are of great interest due to their
outstanding structural and electronic properties. These
compounds consist of repeated blocks of five atomic lay-
ers (quintuple layers) separated by a van der Waals gap.
The electronic structure features a narrow band gap and
strong spin-orbit coupling, which are responsible for the
inverted band structure at the Brillouin zone center Γ.
Tetradymite chalcogenides are attractive for thermoelec-
tric applications [1] because of their high figure of merit
at room temperature. Recently, topologically protected
surface states have been observed in all of these chalco-
genides, which makes them subject of intense research
[2, 3]. Especially, these bichalcogenides serve as a basis
for new materials with desired properties [4]. This is fea-
sible by stacking of different compounds or specific dop-
ing. In particular, doping with magnetic impurities can
open new perspectives for spintronics and spin caloritron-
ics applications [5–8].
The aim of this work is to study the magnetic proper-
ties of tetradymite chalcogenides doped with transition
metal impurities. Some of these systems were already
studied as possible candidates for spintronics applica-
tions some years ago [9–19]. Most of the experiments
were done on single crystals with a maximal doping con-
centration of x = 0.1. Thereby, stable ferromagnetic
order was observed mostly in chalcogenides doped with
vanadium and chromium [9, 11, 13], while samples doped
with manganese were found either ferromagnetic at very
low temperatures or antiferro- and paramagnetic depend-
ing on experimental conditions and sample preparation
[10, 12, 17–19]. High Curie temperatures were reported
for films prepared with molecular-beam epitaxy: 177 K
and 190K K for Sb1.65V0.35Te3 and Sb1.41Cr0.59Te3, re-
spectively [15, 16]. The great interest in breaking of time
reversal symmetry in topological insulators motivated
further investigations of magnetic impurities located in
particular at the surfaces of tetradymite chalcogenides
[19–26].
Magnetic properties of magnetic chalcogenides can be
efficiently described by first-principles methods. One of
the first comprehensive studies was carried out by Larson
and Lambrecht [27], who investigated the electronic and
magnetic properties of bulk Bi2Te3, Bi2Se3, and Sb2Te3
doped with 3d transition metal atoms; their results for
magnetically doped Bi2Se3 were confirmed by several
groups [28, 29]. Recently, it was shown that the Dirac
surface state of the topological insulator Bi2Te3 survives
upon moderate Mn doping of the surface layer, but can
lose its topological nontrivial character depending on the
magnetization direction [30, 31]. However, critical mag-
netic properties and the exchange interaction in magnetic
chalcogenides were not studied in detail on a theoretical
ab initio level and, thus, are still under debate.
In this work, doping bulk tetradymite chalcogenides
with transition metals by means of a first-principles
Green’s function method, we show that the exchange in-
teraction in these materials can be either long-range fer-
romagnetic, antiferromagnetic or paramagnetic, depend-
ing on the host and the impurity atoms. We identify in
particular two main types of magnetic interactions and
discuss ways to manipulate the magnetic properties of
these systems.
The calculations were performed within the density
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2functional theory using the local spin density approxi-
mation (LSDA) and the generalized gradient approxima-
tion (GGA) [32, 33]. A self-consistent Green’s function
method in both relativistic and scalar-relativistic imple-
mentations was used to compute electronic and magnetic
properties of the magnetic chalcogenides. Substitutional
disorder was treated within the coherent potential ap-
proximation (CPA; e. g. [34]). Heisenberg exchange con-
stants Jij were obtained using the magnetic force theo-
rem as it is implemented within the multiple-scattering
theory [35]. Inclusion of spin-orbit coupling leads to mi-
nor changes in the magnetic interaction (about 3-5% with
respect to the scalar-relativistic case). Therefore, for the
sake of clarity, here we present only exchange constants
calculated within the scalar-relativistic approximation.
According to the available experimental data [9–20, 24,
25], 3d transition metal impurities in bulk tetradymite
chalcogenides substitute typically cation atoms (Bi and
Sb) and can supply 1–3 electrons for the bonding. The
comparably smaller size of transition metal ions may lead
to substantial relaxations of the underlying crystal struc-
ture [27]. We did not account for such structural defor-
mations in our CPA calculations but investigated their
impact on the magnetic interaction using a supercell ap-
proach, and found only minor changes of the exchange
constant values. Therefore, the discussion below reports
results from CPA calculations.
We performed extensive Green’s function calculations
of Bi2−xTMxSe3, Bi2−xTMxTe3, and Sb2−xTMxTe3
(TM = Ti, V, Cr, Mn, Fe, Co, Ni) for the range of concen-
trations 0 < x < 1.0. The electronic structures of these
compounds calculated within the CPA agree for low and
medium concentrations (x < 0.3) with those of previous
supercell calculations by Larson and Lambrecht [27] (see
the Supplementary Material). The self-consistently ob-
tained Green’s function was further used to calculate the
magnetic exchange constants Jij . Their relevant direc-
tions are depicted in Fig. 1 on top of the lattice structure
of Sb2−xTMxTe3 for clarity, where we distinguish among
in-plane (within the Sb or Bi plane) and an out-of-plane
coupling. Although experimental data are available for
a large concentration range [15, 16], we first focus dis-
cussion on a representative value of x = 0.2. The results
presented in Fig. 2 can be summarized as follows.
(i) The effective exchange interaction is reduced with
increasing number of d electrons per TM, going from pos-
itive to negative values. The strongest ferromagnetic in-
teraction is found between Ti atoms, which is explained
by the local density of states (DOS) of the impurities
(shown in the Supplementary Material). The d elec-
trons of Ti atoms in the majority spin channel hybridize
strongly with sp states of the host. The corresponding
DOS shows a strong dispersion (see the Supplementary
Material) and is located mostly around the Fermi level
with one occupied d orbital, while the d bonds in the
minority spin channel are all unoccupied. Thus, the net
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FIG. 1: (Color online) Schematic view of magnetic interac-
tions in magnetic Sb2−xTMxTe3: exchange interactions be-
tween different layers (a) and within a single layer (b), re-
spectively. The corresponding exchange constants for Ti, V,
Cr, Mn, Fe, and Co are shown in Fig. 2. The same plot applies
to Bi2−xTMxTe3 and Bi2−xTMxSe3.
magnetization is 1.0 µB/atom, indicating a valency of
3+ for each Ti atom. The strongly dispersed DOS at the
Fermi energy leads to a large ferromagnetic coupling be-
tween the nearest magnetic moments within the Sb plane
(Fig. 2).
(ii) With increasing number of d electrons per TM
atom, the spectral weight at the Fermi level is reduced.
This leads to a strong decrease of the exchange interac-
tions in Sb2−xMnxTe3, in which the majority and mi-
nority spin d electrons are well separated in energy and
show minor dispersion. In the case of Fe impurities, due
to an occupied minority spin d state at the Fermi level,
the magnitude of the exchange interaction increases but
becomes negative because of the large exchange split-
ting and the isolated impurity-like character of the oc-
cupied d orbitals. For Co and Ni impurities, the va-
lency changes from 3+ to 2+ and 1+, respectively, re-
ducing, thereby, the magnitude of the exchange interac-
tion, which remains negative. The exchange interaction
of Sb2−xNixTe3, Bi2−xNixTe3, and Bi2−xNixSe3 is very
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FIG. 2: (Color online) Exchange constants (in meV)
in magnetic Bi1.80TM0.20Se3, Bi1.80TM0.20Te3, and
Sb1.80TM0.20Te3 (TM = Ti, V, Cr, Mn, Fe, Co). See
the schematic view of magnetic interactions in Fig. 1.
weak and is not discussed here.
(iii) For almost all cases, the strongest exchange in-
teraction is found between magnetic moments located in
different Sb (Bi) planes but within the same quintuple
layer (panel J012 in Figs. 1 and 2). The coupling weak-
ens systematically with the number of d electrons. This
interaction occurs via a Te (Se) atom lying between two
impurities and is of double exchange type. In addition,
the magnitude of J011 is as large as for the in-plane in-
teraction between the nearest magnetic moments, which
is an indirect exchange interaction mediated by free car-
rier sp states [36]. We thus conclude that two different
exchange mechanisms, the double exchange interaction
via an anion and the indirect exchange coupling via free
carriers, determine the magnetic order in the TM doped
chalcogenides.
(iv) The size of cation atoms is crucial for the exchange
interaction. The large size of atoms and, thus, the more
spatially extended wave functions, can lead to a strong
hybridization with the electronic states of the neighbor-
ing atoms. On the one hand, this can increase the number
of free carriers within the cation layer, favoring the indi-
rect exchange of Zener type [36]. On the other hand, the
strong binding between a cation (e. g. Bi) and an anion
(e. g. Te) reduces the number of valence electrons of the
anion and, thereby, reduces the strength of the double ex-
change interaction. Therefore, in the case of Sb2Te3, the
double exchange interaction via Te atoms is significantly
larger than that in Bi2Te3 and Bi2Se3.
(v) Surprisingly the exchange interaction between
magnetic moments located in neighboring quintuple lay-
ers does not vanish (see J021 and J022 in Figs. 1 and 2).
The spin density m(z) ≡ [ρ↑(z) − ρ↓(z)]/[ρ↑(z) + ρ↓(z)]
(where ρ↑(z) and ρ↓(z) stand for the spin-up and -down
charge densities, respectively, integrated over the lateral
coordinates x and y) “bridges” the van der Waals gap
and is responsible for the “interquintuple layer” magnetic
interaction (Fig. 3). The spin density in anion layers is
negative and has a magnitude comparable with that of
the spin density in the van der Waals gap.
Considering a wider range of concentrations of the TM
atom, we have estimated the critical temperatures TC us-
ing a Monte Carlo method [37–39]. To treat both ferro-
magnetic and antiferromagnetic materials, we investigate
the spin-spin-correlation function
S =
∑
i
∑
j∈Ωi
|~mi · ~mj | ,
where ~mi and Ωi are the magnetic moment and the in-
teraction sphere around site i, respectively. We also ac-
count for percolation effects, using pair potentials, and
compared estimated critical temperatures with the avail-
able experimental data. The results for ferromagnetic
Sb2−xTMxTe3 (TM = Ti, V, Cr, Mn; Fig. 4) show a
systematic increase of the TC with the concentration of
dopants. Percolation effects do not affect strongly the be-
havior of TC at low concentrations; except in the case of
Ti, for which percolation lowers TC. Calculations for Cr
reproduce the experimentally measured trends for con-
centrations up to x = 0.6 [16]. For higher concentra-
tions, we found a transition to antiferromagnetic order
(area with a light red background in Fig. 4), which is
understood as the results of an increasing antiferromag-
netic interaction between magnetic moments from nearby
quintuple layers. This explains why experimental data is
unavailable for concentrations larger than x = 0.6.
Concerning the Sb2−xVxTe3 case, we reproduce the
trend found in experiments for a broad concentration
range [15]. However, the theoretical absolute values are
underestimated by about a factor of 1/2. One could spec-
ulate that either structural imperfections due to sample
preparations or limitations in the ab initio description
could cause this mismatch. For the reported cases of
Mn doping at low concentration regimes (x ≤ 0.1), our
calculations are, again, in qualitative agreement with ex-
periment [10, 14, 19, 40–42].
The systematic study of exchange interaction discussed
for TM-doped magnetic chalcogenides elucidated in this
Letter can open new possibilities for a specific design of
their magnetic properties. We infer for instance that one
way to control the magnetic interaction and the Curie
temperature is to replace particular atoms or sheets of
40.00
0.05
0.10
0.15
0.20
0.25
Sp
in
de
n
sit
y
0 2 4 6 8 10 12 14 16 18
Z coordinate (A)
x=0.1
x=0.2
spin
spin
Te Te Te Te Te Te
Sb1-xCrx1-x rx1-x rx1-x rx Sb1-xCrx1-x rx1-x rx1-x rx Sb1-xCrx1-x rx1-x rx1-x rx Sb1-xCrx1-x rx1-x rx1-x rx
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Sb2−xCrxTe3 for x = 0.1 and x = 0.2 in the [0001] direction
integrated over all in-plane coordinates x and y. The z range
covers two quintuple layers.
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FIG. 4: (color online) Calculated critical temperature TC ver-
sus concentration x of Ti, V, Cr, and Mn in Sb2−xTMxTe3.
The critical temperature TC is determined from Monte Carlo
simulations with randomly distributed impurities (black filled
triangles) and with cluster percolation (red filled circles). TC
is compared to experimental data (green and blue markers)
[15, 16]. In the case of Cr, there is a transition from a ferro-
magnetic state for x < 0.8 (light blue background) to an anti-
ferromagnetic state at higher concentrations (light red back-
ground).
atoms, in order to tune the strength of the electronic
hybridization; the latter is responsible for the exchange
interaction mechanisms in this class of materials. Here, it
has been shown that the overlap between electronic wave
functions of anions and cations is crucial.
In an experimental realization, one could replace the
anion layer between two cation sheets by atoms of the
same group in the periodic table. As an example, we
consider the layer between two Sb1.80Cr0.20 sheets in the
Sb1.80Cr0.20Te3 alternated with various chalcogen atoms.
We observe an increase of the associated Curie tempera-
ture with ionic size and spatial extension of the electronic
wave function of the chalcogen ion: S, Se, Te, and Po
yield TC = 69 K, 71 K, 76 K, and 79 K, respectively. A
similar effect can be achieved with specific co-doping of
the corresponding anion layer.
The in-plane exchange interaction can instead be tuned
by co-doping of the cation layers in accordance with the
exchange constant behavior presented in Fig. 2. To illus-
trate this aspect, we calculated the exchange interaction
in Bi2−x−yCrxSbyTe3 for x = 0.2 and y = 0.0, 0.2, and
0.4 (detailed results are presented in the Supplementary
Material). Here, the Curie temperature increases with Sb
concentration from 35 K at y = 0.0 to 39 K at y = 0.2,
and to 42 K at y = 0.4.
Another way to tune the magnetic interaction is to
insert impurities into the van der Waals gap [43]. This
can change the size of the van der Waals gap and, by a
proper choice of the impurities, can supply free carriers,
which are important for the indirect exchange of Zener
type (see the Supplementary Material).
In summary, we have studied the exchange interaction
in the Bi2Te3, Bi2Se3, and Sb2Te3 tetradymite chalco-
genides doped with transition metals. Our first principles
calculations have shown that the magnetic interaction is
long-range and is mainly mediated out-of-plane by the
double exchange mechanism via an anion and in-plane
by the indirect exchange coupling via free carriers. The
calculated Curie temperatures as a function of the con-
centration are found in qualitative agreement with avail-
able experimental data. Finally, we presented several
ways to tune the magnetic interaction in these systems:
(i) replacing the anion layer between two cation sheets
by atoms of the same group, (ii) co-doping of the cation
sheet, and (iii) inserting impurities in the van der Waals
gap. These results provide deep insight into the mag-
netic interactions in the magnetic binary chalcogenides,
and open new ways to design new materials for promising
applications.
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